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ABSTRACT
Using 16,421 spectra from a sample of 340 quasars (1.62 < z < 3.30) from the SDSS Reverbera-
tion Mapping Project, we present an analysis of quasar spectral variability. We confirm the intrinsic
Baldwin Effect and brighter-means-bluer trends in which emission line strength and color are asso-
ciated with changes in luminosity. We then create a composite differential spectrum that captures
the wavelength dependence of quasar variability as a function of change in luminosity. When using a
bandpass around 1740 A˚ to describe the luminosity, the differential spectrum follows a power law at
longer wavelengths that breaks blueward of 1700 A˚. However, the shape of the differential spectrum,
the location of the power law break, and the slope of the intrinsic Baldwin Effect all vary with the
choice of bandpass used to define the change in quasar luminosity. We propose that the observed be-
havior can be explained by inhomogeneous accretion or slim accretion disk models where delays in the
reprocessing of incident light on the accretion disk cause local deviations in temperature from the thin
disk model. Finally, we quantify the effects on cosmology studies due to the variations in the quasar
spectrum in the Lyman-α forest wavelength range. Using the observed spectroscopic signatures to
predict the quasar continuum over the interval 1040 < λ < 1200 A˚, we find that the derived spectral
templates can reduce the uncertainty of the Lyman-α forest continuum level in individual epochs
from 17.2% to 7.7%, near the level where systematic errors in SDSS flux calibration are expected to
dominate.
Subject headings: intergalactic medium, large-scale structure of universe, quasars
1. INTRODUCTION
Quasar spectra are identified by the common signa-
tures of broad and narrow emission lines and an ap-
proximate power law continuum. The thin disk model
(Shakura & Sunyaev 1973) explains these characteristics
in terms of an optically thick, geometrically thin accre-
tion disk modeled as homogeneous, concentric blackbody
rings. Broadband X-ray, UV, and optical emission are
radiated from the accretion disk as a result of high tem-
peratures (explicitly for the thin disk model T ∝ r−3/4).
The high frequency photons are absorbed in the Broad
Line Region (BLR) and Narrow Line Region (NLR) far-
ther from the central engine, thus triggering ionization,
excitation, and re-emission.
The thin disk model provides a general picture of
quasar structure, but it is unable to explain prevalent
trends in quasar spectra. One such trend is the location
of an apparent break in quasars’ spectral index around
1000 A˚, indicative of a maximum accretion disk temper-
ature around 50,000 K (e.g. Stevans et al. 2014). An-
other such correlation is the Baldwin Effect (BE; Bald-
win et al. 1978). The BE refers to an empirical relation-
ship in which quasars’ continuum or bolometric luminos-
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ity (Lbol) is anti-correlated with C iv equivalent width
(Wλ). The BE has been observed across large samples of
quasars for many different emission lines (e.g. Zamorani
et al. 1992; Green et al. 2001; Croom et al. 2002; Dietrich
et al. 2002; Xu et al. 2008).
The strictly empirical nature of the BE makes it diffi-
cult to infer whether luminosity is the sole, fundamental
parameter driving variations in quasar flux. Other pos-
sible drivers could be the mass of the black hole (MBH),
its accretion rate (M˙BH), Eddington Ratio (REdd), color
profile or spectral index (αλ), or orientation. Physical
and systematic correlations between many of these pa-
rameters complicate the mapping of empirical observa-
tions onto physical mechanisms. For example, luminos-
ity of quasars is known to increase with MBH and M˙BH,
and the evolution of quasar growth rate correlates both
of these parameters with redshift.
Jensen et al. (2016) recently used composite differential
spectra to explore diversity with respect to Lbol, z, and
αλ across the same large sample used for baryon acous-
tic oscillation (BAO) studies with the Lyman-α forest
(2.1 ≤ z ≤ 3.5; Bautista et al. 2017; du Mas des Bour-
boux et al. 2017). Differential spectra approximate par-
tial derivatives of flux across all wavelengths with respect
to an observable parameter. After careful mitigation of
selection bias, Jensen et al. (2016) show that spectral di-
versity with respect to redshift has nearly the same sig-
nature as spectral diversity with respect to luminosity.
Contrary to the association of luminosity with diversity
in the typical BE, the signature appears to capture the
redshift evolution of the global physical properties that
drive quasar diversity.
Observations from time-varying measurements of sin-
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gle quasars further challenge the thin disk model. The
most blatant evidence in contention with the thin disk
model is a recent finding that extreme UV variability
occurs too rapidly for the gradual evolution expected
for homogeneous accretion disk structure (Punsly et al.
2016). A unique Baldwin Effect is also observed as a
single object varies in luminosity, showing a steeper re-
lationship than the quasar-to-quasar, or “global,” BE
described above (e.g. Kinney et al. 1990; Wilhite et al.
2006). Multi-epoch investigation of quasars has addi-
tionally revealed that quasars become increasingly blue
as they brighten (e.g. Wilhite et al. 2005; Pereyra et al.
2006; Schmidt et al. 2012). Pereyra et al. (2006) com-
pared a composite spectrum derived from the residuals
between the brightest and faintest epochs from Wilhite
et al. (2005) to a synthetic residual spectrum that was
simulated from the thin disk model. They reported that
the observed bluer-means-brighter effect is reproducible
under the thin disk model if each object had sufficient
time to adjust to a new mean accretion rate between
observations.
Ruan et al. (2014) created a relative variability spec-
trum (qualitatively similar to a residual spectrum) from a
larger sample of quasars than was investigated in Pereyra
et al. (2006). They found the observed variability follows
a power law inconsistent with changes in the overall ac-
cretion rate as predicted by the thin disk model. Ruan
et al. (2014) compared their relative variability spectrum
to synthetic ones generated under a model where the ac-
cretion disk is comprised of many independently varying
zones which undergo large, ephemeral temperature fluc-
tuations (the inhomogeneous disk model; Dexter & Agol
2011). The simulated relative variability spectra are con-
sistent with the observed data over the full wavelength
range (1300 – 6000 A˚) for a given number of zones in
the disk and amplitude of temperature fluctuations. The
simulations showed, however, that there would be a break
in the relative variability power law if fewer zones under-
going smaller temperature fluctuations were present in
the disk. This break could exist in the observed rela-
tive variability spectrum in Ruan et al. (2014), but be
concealed by the limited UV coverage of their data.
Ruan et al. (2014)’s constraint on inhomogeneities in
the accretion disk is consistent with results from inde-
pendent micro-lensing studies on the size of accretion
disks (see Dexter & Agol (2011) and references therein).
However, other studies raise questions about the in-
homogeneous disk model. Through multi-epoch imag-
ing, Kokubo (2015) found intrinsic scatter across differ-
ent photometric band-passes to have tighter correlations
than would be possible if zones in the disk truly fluctu-
ated independently. The inhomogeneous disk model of
Dexter & Agol (2011) also does not address the break in
quasars’ spectral index observed around 1000 A˚, nor the
timescales of variability observed in Punsly et al. (2016).
The 1000 A˚ break in the spectral index arguably requires
a model where the inner region of the accretion disk
is truncated due to outflowing, line-driven winds that
strengthen with increasing Eddington efficiency (Leighly
2005; Bonning et al. 2013; Laor & Davis 2014; Luo et al.
2015). At near-Eddington efficiencies, such advection
can lead to accretion disk structure that is “puffed-up” in
the vertical direction at small radii (the slim disk model;
Abramowicz et al. 1988). More multi-epoch data are
needed to isolate the number and type of parameters re-
sponsible for quasar variability and in turn ultimately
determine the correct accretion disk model.
A deeper understanding of quasar astrophysics will en-
hance cosmology studies with quasars Lyman-α forests.
Existing analyses on the one-dimensional power spec-
trum (e.g., Palanque-Delabrouille et al. 2013) and three-
dimensional correlation function (e.g. Bautista et al.
2017; du Mas des Bourboux et al. 2017) address quasar
diversity by assuming linear deviations from an average
quasar spectrum. The continuum model is fit directly to
the data in each quasar’s Lyman-α forest. The model
not only captures the linear deviation of the quasar con-
tinuum from the average, but also systematically biases
the mean and first moment of the density field to zero for
each line of sight. Although studies indicate no signifi-
cant bias in the measurement of the BAO distance scale,
the diversity of continuum spectra introduced through
quasar variability must introduce higher order modes
that increase the statistical uncertainty in the derived
distance scale.
If one were able to incorporate a full model for quasar
diversity without requiring constraints from the observed
Lyman-α forest, one could make unbiased estimates of
the unabsorbed continuum. Such a significant step would
reduce the uncertainty in measurements of the cosmic
distance scale with existing data, provide a mechanism
to perform absolute measurements of neutral hydrogen
density fluctuations, and enable new cosmological anal-
yses using the larger scale modes of the Lyman-α forest
density field.
Growing interest in reverberation mapping (RM, e.g.,
Blandford & McKee 1982; Peterson 1993), a process
which aims to improve active galactic nuclei (AGN)
black hole mass estimates via measurements of the time
lag between signatures in continua and emission lines,
has fortunately led to increased samples of multi-epoch
data. The spectroscopic component of the Australian-
based Dark Energy Survey (OzDES and DES respec-
tively; Yuan et al. 2015; Flaugher 2005; Diehl et al. 2014)
began a six year RM program in December 2012 (King
et al. 2015; Childress et al. 2017). The OzDES RM pro-
gram is expected to have observed more than 500 quasars
(0.3 < z < 4.5) at 25 epochs each upon completion. The
third and fourth generations of the Sloan Digital Sky
Survey (SDSS-III and SDSS-IV; Eisenstein et al. 2011;
Blanton et al. 2017) implemented an even larger rever-
beration mapping program (SDSS RM; Shen et al. 2015).
The SDSS RM program has obtained more than 50 spec-
tra for each of 849 quasars over a similar redshift range
to OzDES.
The SDSS RM data set is ideal for studying the intrin-
sic variability of quasars. Multiple observations, a broad
span in redshifts, and a broad span in steady-state lumi-
nosities enable studies of intrinsic variability as a func-
tion of global quasar properties. Additionally, the high
redshifts spanned by the RM sample reveals properties
of the UV region in quasar accretion disks. This charac-
teristic provides causal insight into variations in emission
line strengths and insight into the effects of quasar con-
tinuum diversity due to intrinsic variability on cosmology
involving quasars’ Lyman-α forests.
We use the SDSS RM sample to study spectral vari-
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ability of quasars. The data are described in Section 2.
In Section 3, we generalize intrinsic variability across our
sample of quasars with the creation of a composite dif-
ferential spectrum. This signature is used to evaluate
the logarithmic changes in flux at each wavelength, rela-
tive to quasars’ steady-state, as a function of the change
in the log of luminosity. In Section 4, we produce iter-
ations of the composite differential spectrum using dif-
ferent definitions of luminosity for the quasars, and we
discuss the implications of our results on both quasar as-
trophysics and cosmological studies on the 1D Lyman-α
auto-correlation. The work is summarized in Section 5.
2. DATA
This analysis uses data collected as part of the SDSS-
III (Eisenstein et al. 2011) and SDSS-IV (Blanton et al.
2017) programs conducted at the Apache Point 2.5-meter
Telescope (Gunn et al. 2006). These two programs each
feature a major cosmological spectroscopic survey; in
the case of SDSS-III, the cosmology component was the
Baryon Oscillation Spectroscopic Survey (BOSS; Daw-
son et al. 2013). In SDSS-IV it is the Extended Baryon
Oscillation Spectroscopic Survey (eBOSS; Dawson et al.
2016). BOSS and eBOSS were designed to constrain the
cosmological model through observations of galaxies and
quasars with the BOSS optical spectrograph (Smee et al.
2013) over a wavelength range of 3600 – 10,400 A˚.
As BOSS neared its final observations in 2014, it be-
came apparent that there was more time available than
was required to complete the main cosmological survey.
Through a competitive process, the SDSS RM program
was one of several programs selected to fill the remaining
observation time.
In the SDSS RM project, 849 quasars in the redshift
range 0.1 < z < 4.5 over 7 deg2 of sky were observed 32
times in the spring of 2014. The quasars were initially
identified in several spectroscopic programs and repre-
sent a fairly complete sample to i < 21.7. The largest
source of high-redshift quasars is the BOSS and eBOSS
Lyman-α forest cosmology sample, so there is a large
overlap between the properties of SDSS RM quasars and
the properties of quasars used in SDSS cosmology stud-
ies. These observations were made roughly every four
days between January and July. An additional 20 ob-
servations were acquired at a longer cadence in 2015
and 2016 during the first two years of eBOSS. Among
other results, this program has already proven its promise
through measurements of broad-line H-α, H-β and Mg ii
lags at z ≥ 0.3 (Shen et al. 2016; Grier et al. 2017). All
SDSS RM epochs used in our analysis are included in the
14th public data release of SDSS (DR14; Abolfathi et al.
2018).
2.1. Sample Selection
After each observation of the SDSS RM field, spec-
tra were extracted from the CCD images and flux cali-
brated through an automated data processing pipeline.
The general process for reduction of spectra in DR14 is
described in Stoughton et al. (2002) and Bolton et al.
(2012). There were two major revisions to the spectral
data processing in DR14 relative to prior versions. The
first improvement reduces bias associated with coaddi-
tion of many exposures (Hutchinson et al. 2016); the
second addresses the effect of atmospheric differential
refraction on quasar spectra calibration (Margala et al.
2016; Jensen et al. 2016). Several additional revisions
to the data reductions have been made since DR14. The
most important revision leads to a change in the spectral
extractions to account for cross-talk between fibers that
was found in studies of C iv broad absorption line vari-
ability (Hemler et al. 2018, submitted). In what follows,
we use version v5 10 10 of the data processing algorithm
to take advantage of this change to the extraction algo-
rithm.
Paˆris et al. (2017) present a catalog of quasar proper-
ties (DR12Q) for the majority of objects observed in the
SDSS RM program. We extract z PCA, BAL FLAG VI, and
photometric extinction values from the DR12Q catalog.
To guarantee C iv visibility in a relatively high S/N re-
gion of each spectrum, we only use RM objects with a
redshift in the range 1.62 ≤ z PCA ≤ 3.30. We then ex-
clude broad absorption line (BAL) quasars as identified
by a BAL FLAG VI value equal to one.
The automated classification scheme assigns a
Z WARNING flag to any spectrum where a reliable red-
shift could not be fit. Spectra with a Z WARNING6=0 in
the DR14 catalog are excluded from our sample. We
then match all epochs belonging to the same quasar, but
exclude those with a DR14 redshift estimate which devi-
ates from the mean of all epochs by more than ∆z = 0.05.
This cut removes spectra with misassigned fiber IDs due
to a known problem that appears infrequently during
mountain operations.
We next remove spectra with poor flux quality in the
region used to determine a monochromatic luminosity
(1680 – 1800 A˚ in the rest frame, as discussed below).
Finally, objects with ten or fewer epochs remaining after
these cuts are excluded from the sample. This iterative
refinement of our sample is quantified in Table 1. The
final sample has 340 quasars and 16,421 total spectra in
the redshift range 1.62 ≤ z ≤ 3.30.
We correct the final sample of spectra for Galactic ex-
tinction according to the model of Fitzpatrick (1999) and
the extinction parameters provided in DR12Q. We adopt
the same method as is used in cosmological Lyman-α for-
est studies (e.g. Delubac et al. 2015; Bautista et al. 2017)
to mask pixels known to be contaminated with night air
glow produced by de-excitation in OH vibrational modes
in Earth’s atmosphere. Spectra are truncated blueward
of 3800 A˚ and redward of 9300 A˚ to increase the aver-
age signal-to-noise ratio (S/N) throughout the full wave-
length coverage of individual spectra.
Spectra are converted to a fixed rest frame wavelength
grid with equal pixel spacing of 10−4 in log λ, consistent
with the sampling of the co-added spectra in BOSS and
eBOSS. Flux and associated weights are assigned to the
nearest pixel to avoid resampling.
4 Dyer et al.
Selection Criterion # Quasars # Spectra % Spectra
Remaining Remaining Remaining
All SDSS RM spectra 849 42,693 100%
Quasar is represented in DR12Q 835 41,993 98%
Quasar in range 1.62 ≤ z PCA ≤ 3.30 397 19,996 47%
Quasar has no BALs 342 17,232 40%
Spectra have Z WARNING=0 342 16,499 39%
z of epochs of the same quasar differ by no more than 0.05 342 16,433 38%
Spectra have unmasked flux where luminosity derived 342 16,431 38%
Quasar has at least 11 epochs left 340 16,421 38%
Table 1
The number of quasars and total spectra remaining in our sample after applying each selection criterion to the original SDSS RM sample.
Figure 1. Distributions of quasars’ redshift, steady-state luminosity, number of epochs, and greatest span in logLbol between epochs (i.e.,
logLbol,brightest epoch − logLbol,dimmest epoch).
2.2. Quasar Properties
Our analysis uses luminosity, spectral index, and C iv
Wλ to explore the intrinsic spectral variability of quasars
and to assess the impact of quasar variability on Lyman-
α forest clustering studies. We compute Lbol, αλ, and
C iv Wλ from the spectrum of every epoch of every
quasar. The median logLbol, αλ, and C iv Wλ for each
quasar are considered to represent the quasar’s steady
state properties.
The bolometric luminosity of each spectrum is esti-
mated from the monochromatic luminosity at 1740 A˚
(i.e., the median flux in the range 1680 – 1800 A˚) cor-
rected for luminosity distance under a ΛCDM cosmology
with H0 = 70 km s
−1 Mpc, ΩM = 0.3, and ΩΛ = 0.7.
We approximate Lbol = A ∗ L1740, where we compute
the bolometric luminosity at 1450 A˚ with the correction
factor suggested by Runnoe et al. (2012) and determine
the scaling factor A = 4.28 that minimizes the residual
between the bolometric luminosities computed at 1740 A˚
and 1450 A˚. We note that the analysis that follows uses
the fractional change in luminosity, so the choice of scal-
ing of monochromatic flux to bolometric luminosity does
not impact any of the results.
The spectral index of each spectrum is determined by
fitting a power law to the quasar continuum in the wave-
length ranges 1680 – 1800 A˚ and 2000 – 2050 A˚. These
ranges were chosen for their lack of emission lines (ex-
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cept broadband iron which we assume is negligible) ac-
cording to a high S/N composite spectrum (Harris et al.
2016). Every spectrum in our sample is observed over
this wavelength range. Only unmasked pixels with flux
within three standard deviations of the median are used
for this fit to mitigate the influence of intervening ab-
sorption from the intergalactic medium.
To calculate C iv Wλ for each spectrum, we first es-
timate the continuum around C iv emission with a lin-
ear fit to the spectrum in the wavelength ranges 1450 –
1465 A˚ and 1685 – 1700 A˚. We model the C iv emission
using a double Gaussian fit to the continuum-subtracted
spectrum over the wavelength range 1500 – 1580 A˚. Only
unmasked flux measurements within three standard de-
viations of the best fit are used. C iv Wλ is finally com-
puted by taking the integral of the estimated emission
flux relative to the estimated continuum flux over 1520 –
1580 A˚.
The distributions of quasar properties are presented in
Figure 1. The four panels represent the redshift distri-
bution, steady-state luminosities, epochs per quasar, and
span between minimum and maximum logLbol.
2.3. Linear Trends in Quasar Properties
In this subsection, we explore the Baldwin and bluer-
means-brighter effects in our data. We fit linear relations
to these data, but do not provide errors on measured
slopes because the measurements are dominated by in-
trinsic scatter. Instead, we report the rms scatter about
the fit.
The top panel of Figure 2 shows the global Baldwin
Effect for C iv for the 340 quasars in the sample. The
relationship between equivalent width and luminosity is
shown for every epoch, where individual quasars have
a fixed color scheme. The median log (C ivWλ) and
logLbol of each quasar are shown in black, the collection
of which represents the global BE with minimal scatter
from intrinsic variation. We obtain a fit to the linear re-
lationship between these steady-state log (C ivWλ) and
logLbol values that yields a slope of −0.272 for the global
BE. This observed relation is steeper than those observed
in Kinney et al. (1990) and Wilhite et al. (2006), and
shallower than that observed in Jensen et al. (2016). As
discussed in Jensen et al. (2016), the differences likely
depend on sample properties such as redshift.
Targeting only the intrinsic BE, the bottom panel
of Figure 2 shows the deviation in log (C ivWλ) and
logLbol of each quasar spectrum relative to the steady
state. Iterative clipping was used in a linear regression fit
to define the slope for the intrinsic BE. Data more than
three standard deviations from the best fit were rejected
until the fits converged to within 0.002. The final linear
fit has a slope of −0.695. Data which were excluded from
the fit are marked with ‘x’s, and the color scheme is con-
sistent with that used for the global BE. The slope for
the intrinsic BE is roughly 2.5× that of the global BE.
The steeper relationship for intrinsic variation is consis-
tent with previous findings (Kinney et al. 1990; Wilhite
et al. 2006).
We also conduct linear analyses of the global and in-
trinsic relationships of spectral index vs. luminosity (Fig-
ure 3). The color scheme and fitting techniques in the
top two panels are the same as for Figure 2. These cor-
Figure 2. Top: log (C iv Wλ) vs. logLbol for every epoch of
every quasar. Epochs belonging to the same quasar have the same
color. The steady-state log (C iv Wλ) and logLbol of each quasar
is overplotted in black. A line is fit to these steady-state data,
targeting the global Baldwin Effect with minimal added scatter
from intrinsic variability. Its slope and root mean square (rms)
are shown. Bottom: Targeting only the intrinsic BE, the bot-
tom panel shows the differences in epochs’ log (C iv Wλ) from the
steady-state log (C iv Wλ) of the quasars to which they belong, vs.
the same differences in logLbol. As described in the text, a line
is fit to the data after outlier rejection (outliers marked with ‘x’s)
and represents the intrinsic Baldwin Effect. Its slope and rms are
shown in the top corner.
relations provide alternative but consistent perspectives
on the intrinsic bluer-means-brighter trend. The slope
for the global relationship between αλ and logLbol (top
panel) is nearly zero (0.017) across a luminosity range
spanning more than two dex. This result is consistent
with no apparent dependence of color on steady-state lu-
minosity (Schmidt et al. 2012). The data in the middle
panel of Figure 3 gives a slope of −1.673, indicating a
transition to bluer (redder) spectra as quasars increase
(decrease) in luminosity. This trend is similar to that
seen in previous works (Wilhite et al. 2005; Pereyra et al.
2006; Schmidt et al. 2012).
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Figure 3. Top and Middle: Spectral index vs. logLbol and
the change in spectral index vs. the change in logLbol for all
epochs of all quasars. Formatting and line fitting in these plots are
the same as in the top and bottom panels of Figure 2, respectively.
Bottom: Same as the middle panel, but corresponding to the
continuum at shorter wavelengths as referenced in Section 3.1.
αblueλ is calculated from flux in the range 1130 – 1165 A˚ and
1440 – 1480 A˚. 92 quasars (z ≥ 2.36) are observed with this
wavelength coverage and are shown. Data are color-coordinated
by quasar, though quasars’ colors are not necessarily the same as
they are in previous plots. A line is fit to the data in the same
manner as in the middle panel.
3. THE COMPOSITE DIFFERENTIAL SPECTRUM
Differential spectra offer more detailed insight into
color variation and couplings between the continuum and
emission line properties than do the linear relationships
explored in Section 2.3. We determine the spectroscopic
signature of intrinsic variability relative to the steady
state spectrum (F (λ)steady−state) and steady state lumi-
nosity (Lbol,steady−state) by computing the quantity
∆ logF
∆ logLbol
(λ) =
logF (λ)− logF (λ)steady−state
logLbol − logLbol,steady−state . (1)
We constrain the term m(λ) = ∆ logF∆ logLbol (λ) for each of
the 340 individual quasars using the spectrum (F (λ))
and luminosity (Lbol) from each epoch. As the black
hole mass is fixed across epochs of the same quasar, this
signature captures spectral responses to changing mass
accretion rates, or REdd, at a fixed black hole mass.
Directly computing the quantity using logF (λ) found
in Equation 1 is complicated by low signal-to-noise mea-
surements. Instead, we rely on the linear flux measure-
ments and associated errors to determine the spectral
signature of variability. For each quasar, at every pixel
in the quasar rest frame, we fit the following relationship
F (λ)i = F (λ)steady−state ∗ 10m(λ)∆ logLbol,i . (2)
F (λ)i is the observed flux at each epoch i and is the
dependent variable. ∆ logLbol,i is the independent vari-
able and the same quantity that was plotted in Figures 2
and 3. m(λ) and F (λ)steady−state are free parameters;
m(λ) is equal to ∆ logF∆ logLbol (λ) and thus represents the de-
sired signature at each pixel. F (λ)steady−state represents
the average flux of that quasar over the duration of the
SDSS RM program. The associated measurement errors
for F (λ)i are provided in v5 10 10 of the eBOSS data
and were used for this fit.
To generalize the signature of variability across the
quasar population, we co-add the unmasked ∆ logF∆ logLbol (λ)
terms from each individual quasar into a median-
Figure 4. The number of quasars contributing to the composite
differential spectrum in Figure 5 at each pixel in the restframe
wavelength grid (red). Also shown is the number of pixels that
would have contributed to the composite differential spectrum if
no pixels had been masked (black).
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Figure 5. The median-combined composite differential spectrum made from all 340 quasars in arbitrary units, smoothed with a boxcar
of 10 pixels (black). A power law with slope −1.81 (red) is fit in the regions used to calculate each spectrum’s spectral index, i.e. 1680 –
1800 A˚ and 2000 – 2050 A˚. The power law fit to the regions 1130 – 1165 A˚ and 1440 – 1480 A˚ (blue) has slope αblueλ,diff = 0.32.
combined differential spectrum. As intrinsic variations in
the quasar sample dominate the uncertainties, we do not
report the statistical measurement errors on this spec-
trum. Figure 4 shows the number of quasars contribut-
ing to the composite differential spectrum at every pixel.
The composite differential spectrum, smoothed with a
boxcar average of 10 pixels, is shown in Figure 5. This
result generalizes intrinsic variability with respect to lu-
minosity across our full sample and is the main contri-
bution of this work.
Figure 5 shows a suppression in ∆ logF∆ logLbol for all preva-
lent emission lines relative to the continuum. This sig-
nature is qualitatively in line with the intrinsic BE, as it
implies that emission line flux increases with luminosity
to a lesser degree than continuum flux (i.e. the equiv-
alent width of emission lines decreases with increasing
luminosity).
3.1. Color Variation in the Differential Spectrum
The composite differential spectrum shows continuum
structure consistent with the bluer-means-brighter ef-
fect: the continuum strength around 2000 A˚ gener-
ally increases more than the continuum strength around
3000 A˚. Arising from the Rayleigh Jeans tail of observed
quasar spectra, a power law (with slope αλ,diff ; hereforth
referred to as “the differential power law” ) can be used
to characterize this structure. Fitting to the differen-
tial continuum in Figure 5 over the same regions used
to find each epoch’s spectral index (1680 – 1800 A˚ and
2000 – 2050 A˚), we obtain a differential power law of
slope αλ,diff = −1.81. This fit is illustrated in red in
Figure 5, and is similar to those of the full residual spec-
tra (1300 – 6000 A˚) in Pereyra et al. (2006) and Ruan
et al. (2014). αλ,diff represents the degree to which the
spectral index of a single object changes with an order of
magnitude change in luminosity, making it qualitatively
identical to the measurement of the slope in the middle
panel of Figure 3; the slope αλ,diff = −1.81 is reasonably
consistent with the slope of −1.67.
The surprising feature in our differential spectrum is
an apparent break in the power law blueward of 1700 A˚.
We verify this break by recreating the linear ∆αλ vs.
∆ logLbol relationship using data blueward of 1700 A˚ to
perform the spectral index fit for every epoch. The re-
sults are shown in the bottom panel of Figure 3. In this
representation, αblueλ is the spectral index of each spec-
trum as calculated from the regions 1130 – 1165 A˚ and
1440 – 1480 A˚. 92 quasar observations (z ≥ 2.36) have
coverage in this wavelength range. A linear fit is made to
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Table 2
Characterization of the BE and color trends as a function of wavelength range used to determine the change in luminosity.
Wavelength Range λeff,Lum Global BE Intrinsic BE Differential Power Law Differential Power Law Fractional Dispersion
(A˚) (A˚) Slope Slope Slope (λ > 1680 A˚) Slope (λ < 1480 A˚) in Continuum Flux
1050–1150 1100 -0.28 -0.34 -0.72 -2.11 0.172
1300–1500a 1400 -0.25 -0.65 -2.13 -1.56 0.101
1680–1800 1740 -0.27 -0.70 -1.81 0.33 0.108
2000–2200 2100 -0.27 -0.67 0.05 1.19 0.100
1400–2500 g + r -0.26 -0.75 -1.40 0.28 0.057
aThe wavelength region 1375 < λ < 1425 A˚ is excluded to avoid
contamination from the O iv/Si iv emission lines.
the trend of ∆αblueλ versus ∆ logLbol with the same it-
erative process described in Section 2.3, leading to a best
fit slope equal to −0.197. We compare this slope to the
corresponding “power law” in the differential spectrum
measured over the same wavelength range. From the dif-
ferential spectrum, we find αblueλ,diff = 0.32 as shown in
blue in Figure 5. These two measurements are consistent
in that both reflect a break from the steeper power law
found at wavelengths longer than 1700 A˚. Discrepancies
in the absolute slopes likely arise from degradation in the
quality of the fit to αblueλ in individual quasar spectra
due to the Lyman-α forest.
4. INTERPRETATION
In this section we explore the astrophysical origins and
cosmological implications for the intrinsic variability of
quasars presented in Section 3. We begin by assessing the
signature of variability across different rest frame wave-
lengths used to estimate the change in bolometric lumi-
nosity. Next, we qualitatively discuss our results in the
context of existing quasar accretion disk models. Finally,
we quantify the improvements that our differential spec-
trum (Figure 5) can pose for cosmology analyses that
use quasar spectra’s Lyman-α forests to probe density
fluctuations of neutral hydrogen in the Universe.
4.1. Dependence of Differential Spectrum on
Luminosity Definition
The interpretation of the continuum shape in the dif-
ferential spectrum shown in Figure 5 depends on how
reliably the bandpass of 1680 < λ < 1800 A˚ predicts the
flux across the full spectral range covered by the BOSS
spectrographs. If the trend and break in the power law
are universal, then a model for quasar accretion must ac-
count for the suppression of flux at shorter wavelengths
with increasing accretion rate. One can then incorporate
the differential spectrum as a template in the modeling
of the continuum level in the Lyman-α forest using fits
to the unabsorbed spectrum at rest frame wavelengths
greater than 1216 A˚. On the other hand, the location of
a break just blueward of the wavelengths used to define
luminosity hints at a coincidence that requires further
investigation. Here, we compute composite differential
spectra using other definitions of luminosity. We use
these composite spectra to test whether the signature in
Figure 5 is a comprehensive description of quasar vari-
ability, or instead, if the observed signature is particular
to the choice of bandpass used to assess the change in
luminosity.
We start by identifying a series of bandpasses that
are relatively free of emission lines based on visual in-
spection of the composite spectrum presented in Harris
et al. (2016). We use the wavelength ranges found in
the left column of Table 2, thus covering more than a
factor of two in restframe wavelength. We reject the
region 1375–1425 A˚ because the luminosity estimate in
bin 1300 < λ < 1500 A˚ would otherwise be contami-
nated by flux from the O iv/Si iv emission lines. The
largest bin covering 1400 < λ < 2500 A˚ does not exclude
any regions and is intended to approximate a very broad
imaging filter (e.g., g + r at a redshift z = 1.9). For
each wavelength range, we define the luminosity for each
quasar at each epoch exactly as outlined in Section 2.2.
We introduce the term λeff,Lum to denote the effective
wavelength used to estimate the luminosity for each bin.
We preserve the definitions of spectral index and C iv
Wλ from Section 2.2.
When assessing the trend of C iv Wλ with the new
definitions of luminosity, we are able to reproduce the
global BE slopes found in the top panel of Figure 2. The
best fitting slope of the global C iv Wλ versus logLbol
relationship for each bin is reported in the third column
of Table 2. The slope varies from the original result by at
most two parts in 27, thus implying that the population
of quasars in this study follows a global Baldwin rela-
tionship that does not strongly depend on the definition
of luminosity. However, when assessing the intrinsic BE,
as in the bottom panel of Figure 2, the slope of the re-
lationship changes significantly. As shown in the fourth
column of Table 2, the equivalent width of C iv follows
a much shallower trend at λeff,Lum = 1100 A˚ than when
a bandpass at longer wavelengths is used to determine
luminosity.
We then produce a composite differential spectrum for
each luminosity bin following the framework presented
in Section 3. The results are shown in the top panel
of Figure 6. The differential spectrum computed under
the λeff,Lum = g + r assumption is presented in black
to provide a reference for every other composite spec-
trum. The composite spectra for the other bins are pre-
sented from top to bottom in order of luminosity de-
fined by decreasing wavelength. The shape of the con-
tinuum varies significantly depending on the choice of
bandpass used for estimating luminosity. Namely, when
using λeff,Lum = 2100 A˚, one sees an overall flattening
of the spectrum relative to the broad bandpass estimate.
When using λeff,Lum = 1100 A˚, one sees a much steeper
spectrum at wavelengths λ < 1300 A˚ and a deficit of sig-
nal at longer wavelengths relative to the broad bandpass
estimate. In general, the differential spectra peak around
the wavelength range used to determine the luminosity,
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Figure 6. Top: Observed composite differential spectra computed with different definitions of luminosity. All curves are smoothed with
a boxcar width of 10 pixels. Bottom: Differential spectra simulated according to the inhomogeneous accretion disk model using different
definitions of luminosity. In both panels, the black curve represents the λeff,Lum = g+ r differential spectrum. Each black curve is identical
and is offset by 0.75 dex to provide a reference for the other curves. Each red curve represents the differential spectrum with luminosity
computed over a more narrow wavelength interval, offset by 0.5 dex for clarity. From top to bottom, the curves represent the differential
spectra computed with the λeff,Lum = 2100 A˚, λeff,Lum = 1740 A˚, λeff,Lum = 1400 A˚, and λeff,Lum = 1100 A˚ definitions of luminosity. In
the observed data, the λeff,Lum = 1400 A˚ bin excludes all flux with 1375 < λ < 1425 A˚ in order to avoid the O iv/Si iv emission lines.
with the possible exception of the bin λeff,Lum = 1400 A˚.
To quantify these trends, we determine power law fits
to the same regions of each spectrum as those shown in
Figure 5. The slopes of the power laws for each composite
spectrum over the wavelengths 1680 – 1800 A˚ and 2000 –
2050 A˚ are presented in the fifth column of Table 2. The
slopes of the power laws over the wavelengths 1130 –
1165 A˚ and 1440 – 1480 A˚ are presented in the sixth
column. Here, the difference between each differential
composite spectrum becomes most clear. The differential
spectra grow bluer (more negative slope) the closer the
fitting range is to the wavelength range used to compute
luminosity. Each bin argues for a break in the power law,
but the location and the strength of the break is strongly
influenced by the choice of the wavelength range used to
determine luminosity.
The differential spectra demonstrate that the signa-
ture of variability depends on which wavelength range
is used to characterize the quasar brightness. The wave-
lengths that are proximate to the wavelength region used
to measure luminosity experience the largest change in
flux with the change in luminosity. This effect leads to
an apparent peak at these locations and a break in the
power law at wavelengths further from the luminosity
window. The variation in signature implies that any one
region of the quasar spectrum cannot fully predict the
features across the full range of 1000 < λ < 3000 A˚. We
compute the dispersion and correlation coefficients for
integrated flux within each bandpass. The dispersion of
all flux measurements relative to the steady-state flux of
each quasar for each wavelength bin is shown in the last
column of Table 2. One notes that the dispersion in the
continuum in the Lyman-α forest region is much larger
than in the other bins. The amplitude of the differential
spectrum over the Lyman-α forest region is comparable
to or less than the amplitude at redder wavelengths for
the λeff,Lum = 1740 A˚ and λeff,Lum = 2100 A˚ bins. These
two templates therefore underestimate the variability in
the quasar spectra at the shortest wavelengths. One also
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notes that the dispersion of the flux is lowest for the
1400 < λ < 2500 A˚ bin. The amplitude of the variability
of this wide bin must be suppressed due to the broad
wavelength coverage.
The observation that the variations in quasar flux be-
come decorrelated with increasing separation in wave-
length is further supported by the following correlation
matrix:
Corr(i, j) =

1 0.814 0.669 0.478
1 0.891 0.716
1 0.844
1
 . (3)
The elements in the correlation matrix are ordered ac-
cording to the flux measured over the intervals 1050 <
λ < 1150 A˚, 1300 < λ < 1500 A˚, 1680 < λ < 1800 A˚,
and 2000 < λ < 2200 A˚. In all cases, the correlation coef-
ficient decreases at increasing separation in wavelength.
The processes that lead to variability in quasar lumi-
nosity produce a dominant component of flux variability
that is local to a narrow range of wavelengths.
4.2. Quasar Accretion Disk Models
It is possible to attribute the observed continuum be-
havior in the top panel of Figure 6 and in Equation 3
to several accretion disk models. For example, the in-
crease in luminosity may be enhanced over narrow re-
gions of wavelength as prescribed by the inhomogeneous
disk model. The signature could also result from rever-
beration in the accretion disk during a transition of disk
structure towards a slim disk as objects increase in lu-
minosity, or equivalently Eddington efficiency. Both of
these scenarios also predict the intrinsic Baldwin Effect
as seen in our differential spectrum and Figure 2.
Inhomogeneous accretion disk: Under the in-
homogeneous disk model (Dexter & Agol 2011), the
observed signature of variability is a superposition
of ephemeral blackbody emission from independently-
varying zones. The spectrum at each epoch depends on
the two free parameters of n and σT , where n is the num-
ber of localized zones in the accretion disk per factor of
two in radius and σT is the amplitude of their tempera-
ture fluctuations in log space. As shown in Figures 6 and
7 of Ruan et al. (2014), the relative variability spectrum
can produce a break in the power law similar to that
shown in Figure 5 when certain combinations of n and
σT are used. Generally, the blackbody peak from a given
zone occurs farther into the UV with increasing σT , thus
pushing the break in the differential spectrum to shorter
wavelengths. The differential power law turns over at
redder wavelengths for smaller n because flux variabil-
ity will be dominated by flares in the lower-temperature
regions of the accretion disk.
The consistency between the simulated variability
spectra from Ruan et al. (2014) and our differential spec-
trum provides compelling evidence for stochastic vari-
ation in temperature under the inhomogeneous model.
The model predicts temperatures that vary in an uncor-
related fashion at different radii, thus leading to fluctu-
ations in the peak blackbody curve at a given radius.
The resulting fluctuation in emission from that region is
maximally correlated at wavelengths near the peak of the
blackbody curve; the correlation decreases at increasing
separation in wavelength. This mechanism could explain
the break in the differential power law and why the po-
sition of the break depends on which wavelength region
is used to characterize the variability in bolometric lumi-
nosity.
We reproduce simulated differential spectra from the
inhomogeneous disk model to further test the change in
spectroscopic signature with definition of luminosity. We
set up the inhomogeneous accretion disk model following
the procedure of Ruan et al. (2014). Assuming a face
on disk, we divided the disk into several zones which
are equal in size radially and azimuthally. Radially, the
disk extends to 1020 cm with each zone spanning 0.2 dex
width. In the azimuthal direction, we divide the disk
into eight equal slices. We assumed a black hole mass of
109 M and mass accretion rate, M˙BH, of 2 M/year.
The logarithmic temperature (log(T)) in each zone in-
dependently fluctuates as a first-order damped random
walk process. The mean temperature in each zone is set
to the log(T) of the standard thin accretion disk model
at that radius and a value of 0.6 is assumed for σT .
The characteristic decay timescale, τ , of the tempera-
ture fluctuations is set to 200 days. After a burn-in time
of 500 days, we construct the spectrum by summing the
intensity from each zone according to its blackbody curve
and area. We repeat this procedure 100 times to create
100 realizations of spectra for individual quasar epochs.
In these 100 realizations, we hold the MBH, M˙BH, σT
and τ parameters constant. For each of the 100 spec-
tra, we record the intensity over the broad wavelength
range 1400 < λ < 2500 A˚, and over the same narrow
ranges centered at 1100 A˚, 1400 A˚, 1740 A˚, and 2100 A˚
as those in Table 2. We use these intensities to determine
differential spectra as was done in Section 4.1.
The differential spectra produced from the simulated
quasar spectra are shown in the bottom panel of Fig-
ure 6. The results are arranged in the same manner as
in the top panel for comparison to the observed differen-
tial spectra. All of the trends identified in the data are
reproduced in these simulations, albeit with differing am-
plitudes. The most prominent trend is the migration of
the break in the power law toward shorter wavelengths
when luminosity is determined at shorter wavelengths.
The commonality between the features in the simulated
spectra and the features in the observed data suggests
that inhomogeneities in the accretion disk are responsible
for the signature of variability observed in the SDSS RM
data. While it may be possible to better reproduce the
full shapes of the observed differential spectra in all bins
by tuning all five parameters, the parameter space of the
simulated data is degenerate and not entirely physical.
We therefore refrain from further tuning of the model.
Slim accretion disk: The signature seen in the top
panel of Figure 6 may alternatively reflect slim accretion
disk structure (Abramowicz et al. 1988) with possible
truncation of the inner accretion disk due to line-driven
winds (Jiang et al. 2014; Laor & Davis 2014). In the slim
disk model, an optically-thick shielding gas partially ob-
structs X-ray and far UV (FUV) light radiating from the
disk (see Figure 15 in Leighly (2004) and Figure 18 in Luo
et al. (2015)). This suppression in high energy contin-
uum flux reduces ionization and resonant emission in the
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broad line region, and suppresses X-ray/FUV continuum
strength in observed spectra if viewed with a high inclina-
tion angle. These suppressions will be most prevalent for
near-Eddington accretion disks, but likely appear across
a continuum of REdd values, strengthening with Edding-
ton efficiency. Luo et al. (2015) present evidence of slim
disk structure in an extreme sample of high Eddington
X-ray weak objects. Figure 10 in that work shows what
appears to be a power law break around 1700 A˚ for single-
observation X-ray weak quasars, though this character-
istic is not specifically discussed.
Even though we do not report accretion rates for this
sample, our differential signature does trace spectral re-
sponses to fluctuating Eddington efficiencies. Any per-
turbations in the covering factor of shielding gas under
the slim disk paradigm would appear in our spectra as
the intrinsic Baldwin Effect. Additionally, if the temper-
ature of the shielding gas decreases as it thickens or ex-
pands to larger radii, or if the increased accretion rate is
associated with strengthening winds that truncate the in-
ner accretion disk, then one would also expect a break in
the differential power law. Finally, it is possible that the
decorrelation of intensity fluctuations with wavelength
separation is a result of delays in the response of the
outer blackbody disc to changes in illumination from the
inner disk (as in Gardner & Done 2017).
4.3. Implications for Cosmology using Lyman-α Forests
All of the differential spectra produced in this work
have significant structure over the rest-frame wavelength
interval 1040 – 1200 A˚. This is the region that is used in
BOSS and eBOSS studies of clustering in the absorption
of quasar spectra due to the Lyman-α forest (Bautista
et al. 2017; du Mas des Bourboux et al. 2017; Palanque-
Delabrouille et al. 2013). The left hand panel of Figure 7
shows the fractional change in flux associated with an
order of magnitude change in luminosity over this wave-
length range. For simplicity, we use only the differential
spectrum in Figure 5, although we note that the results
would not change significantly if other models were used.
This signature of variability is one mode of the diver-
sity that is present in the full sample of quasars in the
BOSS and eBOSS Lyman-α forest studies. Because the
underlying continuum of quasars must be uncorrelated
between lines of sight, this signal should not distort the
measurements of three-dimensional clustering. However,
if not incorporated into the model for the quasar con-
tinuum, this diversity will increase the measurement un-
certainties of the flux-transmission field. The unmodeled
signature in Figures 5 and 7 does have the potential to
bias the cosmological interpretation in one-dimensional
power spectrum measurements because the fluctuations
in the flux-transmission field are extracted solely from
the line of sight of each quasar.
In determining the transmitted flux fraction for BOSS
and eBOSS clustering studies, the continuum over the
range 1040 < λRF < 1200 A˚ is modeled for each quasar
as an average spectrum scaled by a term that is linear
in log λ to account for diversity. The best linear fit to
the differential spectrum is shown in red in the left hand
panel of Figure 7. As one would expect, the linear fit
is unable to capture the diversity associated with the
intrinsic Baldwin Effect in the red tail of the Lyman-
β(1025 A˚)/O vi(1034 A˚) emission line blend and the
blue tail of the Lyman-α emission at 1216 A˚. In addition,
the evolving spectral index over this wavelength range
introduces a broadband residual from the linear fit.
To quantify the bias introduced to clustering analy-
ses by incomplete modeling of this signature of diversity,
we determine the normalized one-dimensional correlation
function from a sample of 100,000 synthetic quasar spec-
tra. These spectra are generated by applying the modes
of variability presented in Figure 5 to the mean quasar
flux (Favg) found in du Mas des Bourboux et al. (2017)
as follows:
Fsyn = 10
(logFavg+m(λ)∗∆ logLbol,syn) + n. (4)
Changes in luminosity (∆ logLbol,syn) for each synthetic
quasar spectrum are randomly sampled from a Gaussian
distribution with rms(∆ logLbol,syn) = 0.1. The width
of this distribution is determined from the distribution
of luminosities about the steady state for the average
quasar in the SDSS RM program. m(λ) = ∆ logF∆ logLbol (λ)
is the signature shown in Figure 5, and the measurement
uncertainty is randomly sampled for each pixel according
to the term n. The resulting 1D auto-correlation for
these spectra is shown in the right panel of Figure 7 for
both a uniform rms of n = 0.1 (black; S/N per pixel ∼
10) and a uniform rms of n = 0.5 (red; S/N per pixel ∼
2).
The normalized one-dimensional correlation function is
somewhat complicated as it depends on the amplitude of
the assumed measurement uncertainties. Aside from the
signature of measurement uncertainties, several trends
are clear in the correlation function. First, the primary
signature appears as broad-band correlation over the full
forest. This signal can primarily be described by long-
wavelength modes in the 1D power spectrum. Because
the cosmology constraints derived from 1D power spec-
trum measurements rely on larger wavenumbers (k >
0.002 km s−1), the majority of contamination from the
continuum residuals is excluded from the analysis. This
broadband signal is expected to increase the noise on
all scales in the measured three-dimensional correlation
function. Second, the residuals from correlation be-
tween the Lyman-β(1025 A˚)/O vi(1034 A˚) blend and
Lyman-α emission produce a strong signal at a sepa-
ration λ1/λ2 = 1.15. As with the broadband signal,
this separation is too large to have a significant impact
on cosmology derived from the one-dimensional power
spectrum. That said, this unmodeled signal likely intro-
duces noise to the three-dimensional correlation function
on scales larger than the BAO scale. Finally, there is
no significant signal due to the other emission lines in
the Lyman-α forest. The largest equivalent widths mea-
sured in a high signal-to-noise composite spectrum (Har-
ris et al. 2016) are due to emission from an unknown line
at 1064 A˚, N ii at 1083 A˚, and C iii at 1175 A˚. While
there is evidence in the differential spectrum for blended
emission from an Fe iii complex (1118 – 1128 A˚) and N ii
at at 1083 A˚, the signals are broad and diluted in the one
dimensional correlation function. There is possible sig-
nature at a separation around λ1/λ2 = 1.08. This could
be due to the residuals in the Fe iii complex correlated
with both Lyman-α and Lyman-β(1025 A˚)/O vi(1034 A˚)
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Figure 7. Left: The composite differential spectrum shown in Figure 5 (black) represented as a fractional change in flux. The best linear fit
to this signature (red) represents the model used in BOSS and eBOSS cosmology studies to describe quasar diversity. Right: The normalized
1D correlation of two pixels in the same forest as a function of wavelength ratio (ξ1DNorm = ξ
1D(λ1/λ2)/
√
ξ1D(λ1)ξ1D(λ2)). This signature
was made from spectra simulated according to Equation 4 and the publicly available code “picca” (https://github.com/igmhub/picca).
emission residuals.
Although there does not appear to be strong evidence
for biased measurements of clustering due to the spec-
tral diversity associated with quasar variability in the
forest, there remains potential to improve the cosmolog-
ical impact of current samples. If the continuum can
be fit purely with data from unabsorbed quasar contin-
uum at longer wavelengths (e.g. Eilers et al. 2017; Davies
et al. 2018), the predicted spectrum in the Lyman-α for-
est region will allow unbiased estimates of the underlying
quasar continuum level and the flux-transmission field.
Such an improvement would allow new cosmology con-
straints from the Lyman-α forest that are informed by
the full shape of the power spectrum. For example, an
unbiased model of the quasar continuum level would al-
low new constraints on the spectral index of primordial
density fluctuations (ns), the change in the spectral index
with wavenumber (dns/dlnk), and the effective number
of neutrino species (Neff). In the remainder of this sec-
tion, we estimate the potential of the modes of diversity
presented in Figure 6 for predicting the Lyman-α contin-
uum levels.
For the quasars in our sample that have complete cov-
erage of the Lyman-α forest at λ > 1040 A˚, we assume
that the steady state model of each quasar is known and
model only the variability. For all epochs of all of these
quasars, the median measurement error of the continuum
level over the interval 1040 < λRF < 1200 A˚ is 2.2%.
Consistent with what was shown in Table 2, the contin-
uum level over this wavelength range has an observed
dispersion of 17.2% due to the combination of quasar
variability, flux measurement uncertainties, and flux cal-
ibration errors. We fit each epoch of every quasar at
wavelengths λ > 1216 A˚ with the steady-state spectrum
for that quasar and the differential spectrum scaled by a
single free parameter. The model corresponding to the
minimum χ2 is assumed to represent the quasar over the
full wavelength range. We assess the flux residual over
the interval 1040 < λRF < 1200 A˚ of each epoch of each
quasar relative to its model. When doing so for each of
the five differential spectra found in Figure 6, we find that
all models reduce the dispersion by approximately a fac-
tor of two (Table 3). A simple model of only the steady-
state quasar spectrum fit with a single scaling factor to
the observed spectrum at each epoch produces a reduc-
tion in the dispersion comparable to the differential spec-
tra models. In this case, where no physically-motivated
variability signature is assumed, the dispersion in the
Lyman-α continuum levels is reduced to 10.5%.
While our differential signature of variability is a signif-
icant improvement over the unmodeled Lyman-α forest
continuum, there is still room for another factor of three
improvement on the dispersion. Flux calibration errors
appear to dominate the remaining dispersion and limit
the potential to improve the predictive power of the un-
absorbed quasar continuum much beyond what is shown
in Table 3. The flux calibration errors were computed
from the standard star spectra that were used to com-
pute the flux calibration for each epoch of the SDSS RM
program. For all epochs of each star, we compute the to-
tal flux in a bandpass that corresponds to the rest-frame
wavelength ranges presented in Table 2 for a quasar at
redshift z = 2.62. We find that the dispersion in stellar
fluxes over the observer frame bandpass corresponding to
λeff,Lum = 1100 A˚ is 9.1%. The correlation between this
bandpass approximating the Lyman-α forest continuum
and the widest bandpass (g + r) that best approximates
the unabsorbed quasar spectrum is only 27%. The re-
sult implies that the information at longer wavelengths
cannot reduce the dispersion much below 9.1% for a
quasar at z = 2.62. The dispersion in flux calibration
decreases with increase in wavelength, so the predictive
power should increase somewhat for the Lyman-α forest
continuum in quasars at higher redshift. We conclude
that the models of variability do improve estimates of
the intrinsic quasar continuum in the Lyman-α forest,
but the true potential cannot be reached without better
flux calibration.
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Table 3
Dispersion in estimates of the Lyman-α forest level as a function
of assumed model.
Model of λeff,Lum Fractional Dispersion
Variability After Fit
F (λ)steady−state N/A 0.172
A ∗ F (λ)steady−state N/A 0.105
F (λ)steady−state ∗ 10A∗m(λ) 1100 A˚ 0.080
F (λ)steady−state ∗ 10A∗m(λ) 1400 A˚ 0.077
F (λ)steady−state ∗ 10A∗m(λ) 1740 A˚ 0.088
F (λ)steady−state ∗ 10A∗m(λ) 2100 A˚ 0.098
F (λ)steady−state ∗ 10A∗m(λ) g + r 0.088
5. CONCLUSION
In this work, we use 340 quasars (1.62 < z < 3.30)
and a total of 16,421 spectra from the Sloan Digital Sky
Survey Reverberation Mapping program to quantify the
spectral variability of quasars. Simple linear relation-
ships of log (C ivWλ) and αλ with logLbol in our spectra
reproduce the previously established Baldwin and bluer-
means-brighter effects, respectively.
We further investigated these trends with a compos-
ite differential spectrum which evaluates the logarithmic
changes in flux as a function of the change in the log of lu-
minosity. The composite differential spectrum is shown
in Figure 5. It follows a power law redward of about
1700 A˚ and reveals detailed trends in continuum-emission
line correlations and color evolution as a function of dis-
crete wavelength, further substantiating the Baldwin and
bluer-means-brighter trends. The most surprising char-
acteristic of our differential signature is a break in the
differential power law blueward of 1700 A˚.
We explored this break in the differential power law by
recreating the differential spectrum using different defi-
nitions of luminosity. The position and strength of the
break vary depending on which bandpass is used to assess
the change in quasar brightness. Specifically, the differ-
ential spectra tend to peak near the effective wavelength
of the luminosity window and the amplitude of the dif-
ferential spectra tend to drop off more quickly at larger
separations in wavelength. The correlation coefficients in
the luminosity estimates reinforce the observation that
the fluctuations in flux grow decorrelated at large sepa-
rations in wavelength. The evidence implies that peak
fluctuations tend to be localized over a relatively narrow
wavelength range and have limited power in predicting
the spectral response at other wavelengths.
We then argued that the observed variability can be
explained by either the inhomogeneous or slim accre-
tion disk models. The stochastic, uncorrelated nature of
variability arises naturally from inhomogeneous accretion
disk structure, as shown in a series of simulated spectra.
The behavior could alternatively be a product of slim ac-
cretion disk structure. In this case, X-ray and FUV flux
would be suppressed by an optically-thick shielding gas.
A change in the shielding gas scale height and radial ex-
tent with increasing Eddington effiency, combined with
a delayed response in the accretion disk to reprocessing
of incident flux, could explain the observed behavior.
Finally, we used our composite differential spectrum
to quantify the potential in introducing new templates
to the modeling of the quasar continuum in cosmologi-
cal Lyman-α forest analyses. We first explore the bias
introduced by linear models of diversity in quasar con-
tinua. We show that incorrect modeling of quasar di-
versity around the Lyman-α forest does introduce spuri-
ous structure, but this structure appears on scales that
are not used in the cosmological studies of the one-
dimensional power spectrum. The structure is also likely
to increase the noise, rather than introduce significant
biases, to studies of large-scale structure in the Lyman-α
forest. This result is consistent with earlier cosmological
analyses (e.g. Slosar et al. 2011). When applying the dif-
ferential spectra as models to predict the Lyman-α forest
continuum, we find that the dispersion due to variability
can be reduced from 17.2% to as little at 7.7%. We find
that simpler models with no accounting for the signature
of variability are able to reduce the dispersion to 10.5%.
Given the variance in Lyman-α continuum levels due to
flux calibration errors, further work to improve the ac-
curacy of relative calibration is required to improve the
power of quasar spectral models to directly predict the
level of the quasar continuum in the Lyman-α forest. The
data reduction pipeline for eBOSS is nearly finalized and
unlikely to produce significant improvements in calibra-
tion, but potential exists for improved spectrophotome-
try in the Dark Energy Spectroscopic Instrument (DESI;
DESI Collaboration et al. 2016).
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